ABSTRACT Nanocrystalline La 2 O 3 thin films are deposited on Pt/Ti/SiO 2 /Si substrate by reactive radio frequency magnetron sputtering. The Ag/La 2 O 3 /Pt devices exhibit reversible bipolar resistance change over 1000 cycles with a resistance ratio (high resistance state to low resistance state) of over three orders of magnitude and stable retention for over 10 6 s at room temperature. Analysis indicates that the resistance change originates from the formation/rupture of Ag filaments in the La 2 O 3 thin films, which act as a solid electrolyte. The device shows potential for multilevel storage as well as low power consumption applications.
I. INTRODUCTION
Resistance random access memory (RRAM) has attracted wide attentions due to its simple structure, low power consumption, favorable scalability, and fast switching [1] . Especially, electrochemical metallization memory (ECM) devices, based on the migration of Ag or Cu ions, are promising, due to their maturity with respect to industrialization and the proven scalability potential [2] . The ECM device consists of an electrode made from an electrochemically active electrode metal, such as Ag or Cu, an electrochemically inert counter electrode, such as Pt, Ir, W, or Au, and a thin film of a solid electrolyte sandwiched between both electrodes [1] . Up to now, many materials have been reported to be employed as solid electrolytes, such as sulfides [3] , [4] , binary oxides [5] - [7] , amorphous Si [8] and C [9] .
For the resistance change mechanism of ECM devices, a model which is based on the electrochemical dissolution and formation of conductive filaments in the solid electrolyte layer is adopted to explain the resistance change. The formation process of the conductive filaments is as follow: firstly, active electrode (anode) dissolution of Cu/Ag according to the reaction Cu/Ag→Cu Z+ /Ag Z+ + Ze − ; secondly, Cu Z+ /Ag Z+ cations drift across the solid electrolyte film under the high electric field; finally, reduced Cu Z+ /Ag Z+ electro-crystallization on the cathode surface according to the reaction Cu Z+ /Ag Z+ + Ze − → Cu/Ag. This electro-crystallization process leads to the formation of metal conductive filaments. Once the growing filaments formed a contact to the opposite Cu/Ag electrode, the device switched to the low resistance state (LRS). When a sufficient voltage of opposite polarity is applied and the electrochemical dissolution of the filaments switches the device to its initial high resistance state (HRS).
Intensive studies on the switching performance and the detailed mechanisms of ECM devices have been performed, however, several issues still exist, including the initial forming process, low resistance ratio, high switching voltage, high power consumption, which are still need to be solved in order to satisfy the practical application of ECM device [1] , [2] , [10] . Thus, new materials as solid electrolyte with high device performance still need to be exploring. It has been found that ECM device based on Ag ions generally show not only low switching voltages but also high device performances compared with other commonly used active electrode. Previously, we have reported the unipolar resistance change properties in Pt/La 2 O 3 /Pt devices on the basis of the formation/rupture of conductive filaments by oxygen vacancies, along with their possible application to RRAM device [11] . In this letter, we fabricate the Ag/La 2 O 3 /Pt devices at room temperature (RT). The device performances including switching reproducibility, temperature effect, resistance/voltage distribution, data retention are investigated. We verify that the resistance change originates from the formation/rupture of Ag conductive filaments in the La 2 O 3 thin film which acts as solid electrolyte.
II. EXPERIMENT
Device fabrication: (100)-oriented silicon wafer was chemically cleaned, and then a 300 nm thick SiO 2 film was formed by thermal oxidation. A Ti and Pt film with thicknesses of 30 nm and 110 nm, respectively, were deposited sequentially onto the substrate by radio frequency (RF) magnetron sputtering as bottom electrode (BE) at RT. High purity La metal target (99.995%) was used as the sputtering target to deposit a 50 nm thick La 2 O 3 thin film onto Pt/Ti/SiO 2 /Si substrates at RT by reactive RF magnetron sputtering with a base pressure of lower than 5×10 −5 Pa. High purity Ar (99.999%) and O 2 (99.999%) with the O 2 /Ar ratio of 3:5 were introduced into the chamber during the deposition. The RF power and working pressure were fixed at 60 W and 2 Pa during the sputtering process, respectively. Finally, 50 µm diameter, 100 nm thick Ag top electrodes (TE) were deposited by sputtering a high pure Ag target (99.999%) using RF magnetron sputtering technique with fixed power at 60 W, 1 Pa pressure, 5 minutes deposition time, and patterned through a metal shadow mask. Transmission electron microscopy (TEM) operated under 300 KV was used to characterize the microstructure and crystallography of the film. The current-voltage (I-V) characteristics of the Ag/La 2 O 3 /Pt devices were measured at RT in air using a Keithley 4200 system.
III. RESULTS AND DISCUSSION
A schematic configuration of the memory device is depicted in Fig. 1(a) . As can be seen, the bias is applied to the Ag TE while the Pt BE is grounded. Fig. 1(b) shows that the clear interfaced layer structure is obtained under the cross-sectional TEM observation. Furthermore, the high resolution TEM image of the La 2 O 3 film in the inset of Fig. 1 (b) reveals the lack of the long-range order in the La 2 O 3 film. Furthermore, based on the diffuse halos in the fast Fourier transform (FFT) diffractogram in the inset of Fig. 1(b) , the La 2 O 3 film is confirmed to be nanocrystalline. This should be ascribed to the relatively low substrate temperature during sputtering, the mobility of surface atoms sputtered from La target is greatly diminished, causing the adatoms to be "frozen" in the random positions at which they arrive. According to the XPS results shown in our previous work, the chemical composition of the La 2 O 3 films grown at 37.5% oxygen content is determined to be La 2 O 3 [11] .
Typical I-V characteristics of Ag/La 2 O 3 /Pt devices are depicted in both linear [ Fig. 2(a) ] and semilogarithmic [ Fig. 2(b) ] scales, which reveal the bipolar resistance change behavior. No initial electrical forming process is needed for our fresh Ag/La 2 O 3 /Pt memory device to achieve reversible nonvolatile memory behavior. By increasing the positive voltage imposed on the pristine device, a sudden resistance decrease from the HRS to the LRS is observed at about 0.15 V. Continuing to apply negative voltage bias, the device changes back to HRS again at about −0.1 V. The LRS/HRS ratio of the device reaches 10 3 . For the practical application, ECM device need a moderate set voltage. To change the electrode materials or to increase the thickness of La 2 O 3 layer are feasible methods. Fig. 3(a) and 3(b) show the device-to-device distributions of the set voltage, reset voltage, LRS, and HRS which are from 0.12 to 0.4 V, −0.22 to −0.09 V, 2178 to 9449 , and 5.53 × 10 6 to 7.06 ×10 6 , respectively. The statistical analysis indicates that the parameters of our device are stable and the switching voltage and current are low. As a result, the device shows potential for high performance as well as low power consumption memory applications. The endurance characteristic of the Ag/La 2 O 3 /Pt device measured at RT is shown in Fig. 4(a) . After 1000 successive switching cycles, the ratio of resistances between two states is still about 10 3 . This result ensures that the resistance change properties in Ag/La 2 O 3 /Pt devices are highly reliable and reproducible. Thermal stability is of great importance for using of ECM/RRAM device under relative high temperature environmental condition. In this work, we also measure the endurance properties of Ag/La 2 O 3 /Pt device under 85 • C. Fig. 4(b) shows the results of the high temperature switching cycles, which show a bit fluctuant but still reliable. The result indicates the Ag/La 2 O 3 /Pt device can be used under high temperature. The retention characteristics of both states are also investigated at RT. As shown in Fig. 4(c) , the resistances of both states exhibit little change over 10 6 seconds, which confirm the nonvolatile nature of our device. Table 1 shows the comparison of ECM devices performances between the Ag/La 2 O 3 /Pt device (this work) and other reported ECM devices with Ag as the active electrode. We can see the detailed experimental data from Table 1 . No initial electrical forming process is needed for our device, which is similar to Ag/Ag 2 Se/Au [12] , Ag/ZnO:Mn/Pt [6] and Ag/TiO 2 /Pt [14] devices. However, compared with these three devices which have high power consumption, the required power of Ag/La 2 O 3 /Pt device is at least one order of magnitude lower, which makes the device suitable for embedded memory application. The resistance ratio in our case is about 10 3 , which can be used for multilevel memory. Therefore, excellent switching performances were achieved in our Ag/La 2 O 3 /Pt structure ECM device, such as no-forming process, lower power consumption, and larger resistance ratio. To clarify the conduction and resistance change phenomenon of the memory device, the I-V characteristics are replotted in log-log scale. As illustrated in Fig. 5(a) , the HRS shows ohmic conduction with a slope about 1, indicating that the resistance change of our device is not caused by space-charge-limited current [1] , [5] . Besides, the I-V curve of LRS also exhibits a linearly ohmic behavior with a slope about 1, demonstrating the formation of confined conducting filaments during the set process. We also used Pt, Au, and Cu as TE materials instead of Ag, and only the device using Ag or Cu as TE exhibited bipolar resistance change properties. Ag and Cu are both electrochemically active 256 VOLUME 3, NO. 3, MAY 2015 filaments formation processes relate to the Butler-Volmer equation in the Ag/La 2 O 3 /Pt memory device [1] , [15] . To further elucidate the resistance change phenomenon, the temperature dependence of LRS and HRS is measured, as shown in Fig. 6(a) and 6(b) . The LRS decreased when the temperature decreases, which exhibits a typical metal electronic transport behavior [6] . A linear fit, using the equation
, determines the resistance temperature coefficient to be 8.64 × 10 −4 K −1 , which is in the same order of magnitude of the Ag nanowire value reported by Bid et al. [16] . In contrast, the variation of HRS with temperature shows an opposite trend, which is a typical semiconducting behavior. Since there is a long-range-disorder structure in the sputtered La 2 O 3 thin films, a wide variety of nanoscopical voids or open channels may exist, which are natural pathways for cation transport. Furthermore, the prepared La 2 O 3 films are very thin (50 nm), meaning cations from the active TE do not have to travel far to form a filament. Hence, La 2 O 3 films can exhibit high ion mobility and fast response time [10] . Consequently, the formation and rupture of Ag conductive filaments through La 2 O 3 solid electrolyte is to be the reason for resistance change.
The LRS resistance and reset current as a function of the current compliance are shown in Fig. 6(c) . As shown, the LRS resistance decreases, while the reset current increase with current compliance. Therefore, the magnitude of the reset current can be adjusted by varying current compliance, favorable to depress the power consumption. These results suggest that the Ag/La 2 O 3 /Pt device is potentially suitable for multilevel memory application.
IV. CONCLUSION
The Ag/La 
